Abstract. The characteristics of a segmented hollow-cathode He-Cu + 781 nm laser are modified by varying the cathode to anode area ratio (C /A), in steps from 3.0 to 0.33, for a fixed bore diameter of 4 mm. The discharge voltage for a given current to pressure ratio, and consequently the small-signal gain and multimode output power for a given current, are significantly increased when C /A is reduced. For a given gain in excess of 20% m −1 , the input power decreases slightly as C /A is reduced. However, for a given multimode output power, the input power is almost independent of C /A (0.33 to 2.0). For a gain of 60% m −1 the current density decreases from 450 to 340 mA cm −2 when the area ratio is reduced from 3 to 0.5.
Introduction
The segmented hollow cathode (SHC) is a high-voltage variant of the hollow cathode (HC) which avoids interposing anodes or other surfaces within the cathode [1] . The anodes and cathodes are arranged around a common cylindrical surface which defines the bore of the discharge tube. The SHC gives a more efficient discharge for the operation of sputtering-based charge-transfer pumped metal ion lasers than do conventional HC devices. This results from its high voltage and slope resistance, whilst retaining the oscillation of the beam electrons between opposed cathode surfaces as in the HC. In a conventional HC the loss of charges from the negative glow (NG), other than by diffusion of ions to the cathode fall, is small. Consequently the discharge voltage and slope resistance are ∼300 V and ∼10 respectively, over a wide range of currents. The SHC and other high-voltage HC discharges are produced by increasing the rate of loss of ions and electrons from the NG. A higher voltage is required to compensate for this loss by increasing the rate of ionization in the NG. The rate of thermal charge transfer is proportional to the product of the buffer gas (He or Ne) ion concentration [B + ] and the ground state metal atom concentration [M] . A higher voltage increases both [B + ], through an increased rate of ionization in the discharge, and [M] , through an increased sputtering yield for ion bombardment at the cathode. § To whom correspondence should be addressed. Tel:+61-3-9905-3647. Fax:+61-3-9905-3637. E-mail address: rod.tobin@sci.monash.edu.au
We have shown that a SHC discharge-pumped chargetransfer He-Cu + 781 nm laser of active length 5 cm has a lower threshold and a superior scaling of the output compared with HC and hollow anode cathode (HAC) devices when operated on the same line at the same pressure [2] . The small-signal unsaturated gain for this line at a fixed current density is approximately doubled when the bore diameter (D) is decreased from 4 to 2 mm [3] and a value of 140% m −1 has been obtained for a 2 mm diameter at a current density of 640 mA cm −2 [4] . The He-Cu + 6s → 4p VUV transitions (154.2, 159.4, 162.1 nm) have a common upper level with the high-gain 781 nm line. For this reason optimization of the gain on the infrared line is particularly significant towards the demonstration of cw laser action on one or more of the He-Cu + VUV transitions [5] . We have also demonstrated that the SHC discharge produces a small-signal gain in excess of 50% m −1 on the He-Au + 282 nm line which allows operation using an active length as short as 50 mm at a discharge current and power significantly lower than that for a HC discharge [6] . Also, a gain in excess of 12% m −1 has been obtained for the Ne-Cu + 270 nm line [5] . The significance of the results for the UV lines is that repetitively pulsed operation (duty cycle 0.01-0.1) at a milliwatt peak power level for a mean electrical input of less than 10 W can be projected [5] . A compact low-cost form of this UV laser would find significant applications as an inexpensive light source in instruments for pollution detection, biopolymer detection in electrophoretic channels, etc.
The foregoing results were obtained for a geometry of the NG in which the ratio of the cathode to the anode area (C/A) was nominally unity. However, there is the possibility of manipulating the geometry, and consequently the charged particle loss from the NG, and so to vary the discharge voltage for a given current.
A self-consistent model for HC and SHC discharges in a sputtering discharge in He-Ar 4%, allowing for the increase in gas temperature with current, has predicted a high slope of the V -I characteristic of the SHC for the case C/A = 1 [7] . This model includes recombination and charge transfer in the NG and ambipolar diffusion of buffer gas ions and thermal electrons from the NG. The model shows the relative contributions to the loss of He + by ambipolar diffusion to the anode, recombination and charge transfer in the NG and diffusion to the cathode fall [7] . The loss by ambipolar diffusion to the anode would increase with increases in the surface area at the radial 'geometric sides' of the NG (e.g. that shown schematically in figure 2(d) of [5] ) and may contribute to the dependence of the V -I characteristic on the value of C/A. The effect on the V -I characteristic caused by the increase in the gas temperature with discharge current has also been shown to be very important. Further refinements to the self-consistent model for calculating the gas temperature together with measurements of this quantity will be reported elsewhere [8] .
A Monte Carlo simulation of the SHC discharge in He has shown that a significant contribution to the loss arises from scattering of beam electrons to the anode without contributing ionization to the NG [9] .
In this paper we report a study on the effects of varying the cathode to anode area ratio in discrete steps from 0.33 to 3.0 on the small-signal gain and on the electrical efficiency. A complementary work, in which the tube bore diameter was varied for a fixed C/A = 1, was published earlier [3] .
Experimental details
The laser tube consisted of two coaxial SHC modules, one of which was formed by assembling six identical segments and the other by assembling eight identical segments (figure 1). In each case the segments were of OFHC copper, the bore diameter was 4 mm and the active length was 50 mm. The adjacent segments were insulated from one another by means of alumina spacers to provide a 0.3 mm gap extending 5 mm radially from the bore as in [1] . This gap serves to obstruct the discharge in that region and to inhibit the diffusion of metal vapour to the insulator and so retard the development of a short circuit.
Each pair of opposed segments was electrically connected and used as either a cathode or anode. Thus the ratio of the cathode to the anode areas (C/A) could be varied in discrete steps through 0. The external edge of each ceramic/copper joint was sealed using a vacuum grade epoxy (Varian 'Torrseal'). Consequently it was not possible to bake out the laser tube and a residual pressure of about 5 × 10 −6 mbar was maintained using a diffusion/rotary pump combination. Purging the tube continuously using a slow flow (∼2 sccm −1 ) of the buffer gas mixture (He-Ar 4%) ensured reproducibility of results. The admixed argon is known to enhance the sputtering. Due to the gettering action of the sputtered copper atoms it is likely that a coating including impurity atoms progressively builds up on each anode surface. Consequently, the reconnection of each anode segment as a cathode could result initially in a change in the ion impact secondary electron coefficient γ (and hence a change in the discharge voltage) and subsequently in the liberation of the impurities. To avoid perturbing the results by this effect each module was operated, where possible, first in the connection using the largest cathode surface (6/2) and sequentially through to the smallest cathode surface (2/6). The unavoidable exception to this is the change from 4/4 to 4/4[X]. After each reconnection the discharge was operated until reproducible results were obtained.
The discharge was pulsed (rectangular current pulses of duration 5 ms) at a low repetition rate of 1 pulse/s to avoid excessive tube heating. The pulse duration was sufficiently long for the laser output to approximate continuouswave conditions toward the end of the pulse, at which measurements were made. The discharge voltage and current were measured by means of Tektronix P6015 and Ion Physics CM-10-L (Sag 1.5% ms −1 ) probes respectively and the waveforms displayed on a digital CRO (Nicolet model 2090). The laser cavity consisted of two mirrors each of reflectance 99.9%, radius of curvature 1 m, separated by ∼1.4 m. The output power was measured using a calibrated silicon photodiode (RCA C30810) fitted with an interference filter to isolate the 781 nm radiation.
The small-signal unsaturated gain was measured by the inserted calibrated loss technique as described in [1] . This technique assumes that the discharge cross sections in the compensating and test modules are similar throughout the transverse plane. To test that the cavity loss was adequately balanced by the compensating module, the gain was measured in turn with an aperture of 2.3 mm diameter in the cavity and without the aperture. The two sets of measurements were in agreement within the experimental uncertainty. During the gain measurements the mode at laser extinction was observed by using a CCD camera fitted with an appropriate attenuating filter. In what follows the output power, small-signal gain, voltage, current and electrical power input are measured at 4 ms after the start of the discharge pulse, by which time quasi-cw conditions exist. Figure 2 shows the voltage-current/pressure characteristics for each value of C/A and incorporates results for each of the pressures 9, 12 and 15 mbar. The data were taken up to the maximum discharge current available from the pulse driver or up to the threshold for arcing, whichever was the smaller. For each C/A value the points for the different pressures lie approximately on a common curve. This may be compared with the earlier observation of a universal curve for a 4/4 (C/A = 1) module when V was plotted against the current density to pressure ratio, J /p [1, 3] . In those works the maximum current and the pressure range were 2 A and 5 to 25 mbar respectively. For each value of C/A the monotonic increase of voltage with current indicates a loss which increases with current. The self-consistent model of [7] attributes this to recombination and ambipolar diffusion from the NG. At low current/pressure values all the curves tend towards the voltage of a conventional hollow cathode which indicates that the magnitude of the losses at low currents in a SHC are comparable to those in a conventional HC. A similar trend for the SHC, HAC and other configurations is shown in figure 3 of [2] . For a given current the general trend followed by the curves for C/A = 0.33, 0.5, 1.0, 2.0 and 3.0 is that the voltage decreases with increases in C/A. This suggests that the loss from the 'sides' of the NG for each cathode segment increases as the C/A ratio is decreased, although no simple scaling law is evident. The one exception is that the voltage for the 4/4[X] module is higher than that for the 4/4 module even though they have the same C/A value. Although these modules have the same cathode area, each cathode segment in the 4/4[X] is between a pair of anode segments, whereas for the 4/4 the cathode segments are paired and lie between two pairs of anode segments. The difference between the V -I characteristics for the 4/4[X] and 4/4 configurations, and the observation that no simple scaling law is evident, indicates that the C/A ratio as defined above is not the sole determinant of loss from the NG.
Results
We have calculated the loss of high-energy electrons in the 4/4[X] and 4/4 configurations in He using the Monte Carlo simulation described in [9, 10] . We found that the number of fast electrons absorbed on the anode surface is higher in the 4/4[X] discharge. This can be understood by considering the smallest deviation required to divert an electron to an anode. In the 4/4[X] geometry the deviation is generally lower and, since the scattering is anisotropic, this results in more high-energy electrons reaching the anode. The Monte Carlo simulation for C/A = 0.5, 1.0, 2.0 of reference [10] shows that the loss of high-energy electrons to the anodes increases as C/A is decreased. The simulations described in [9, 10] also show that the loss reduces with increasing pressure which contributes to the decrease in the voltage with an increase in pressure, at a fixed current, figure 2. Although the Monte Carlo simulations are made for a He discharge and the laser operates using a sputtering discharge in He-Ar 4%, the simulations predict ordering of the voltage-current/pressure curves when C/A is varied. Hence the contribution to the loss from the plasma due to scattering of the high-energy electrons to the anode is significant. Clarification of the effect of changing the C/A ratio at high current densities, in sputtering discharges using He, He-Ar and Ne at the higher pressures for laser operation, is currently under way using the self-consistent model of reference [7] . Figure 3 shows the small-signal gain as a function of current for each value of C/A at a pressure of 9 mbar. Data not presented indicate that at high current densities (>400 mA cm −2 ) the gain for the 2/4 and 4/4 peaks at ∼9 mbar and falls to about 75% of the peak value at 15 mbar. The gain for ratios of 4/2 and 6/2 is comparatively flat from 9 mbar to 15 mbar. Hence 9 mbar is close to being optimum for maximizing the gain for each configuration. The uncertainty of ±2% m −1 is representative of the variation in two or more data sets.
The gain increases with current for each configuration without saturation and the slope increases with a decrease in the C/A value. The high slope for the (2/6) case could not be exploited fully in the present experiments due to the onset of arcing which precluded operation at a current higher than 200 mA. At a fixed current the gain increases as the C/A ratio is decreased. This trend in the gain correlates with that for the discharge voltage (figure 2). Figure 4 (derived from figures 2 and 3) shows the dependence of the small-signal gain on the electrical power input to the discharge. At input powers below ∼250 W the points for all configurations are approximately fitted by a common curve. The mean and standard deviations of the threshold input powers are 52 and 2 W respectively. Similar close agreement (<10%) between threshold input powers was also observed at 12 and 15 mbar. For input powers above ∼250 W the gain, for a given input power, increases as the C/A ratio is reduced. This behaviour was also noted at 12 and 15 mbar. For example, at 1 kW input power there is an increase of 15% m −1 from the 6/2 to the 2/4 configuration. Equivalently, for a gain of 60% m −1 , the power requirement for a 2/4 configuration is reduced by ∼40% below that of a 6/2 configuration. This results from a more favourable trade-off between a reduced current and increased voltage. Additionally at high input powers (>500 W) the curves begin to saturate. Data for 12 and 15 mbar, not presented here, show that this tendency to saturate decreases with increasing pressure. Table 1 shows the last mode to be extinguished for each configuration at the highest current employed in the gain measurements of figure 3. The inserted calibrated loss method of measuring the gain ensures that the mode with the highest gain is the last to be extinguished. If the pumping is highest along the tube axis, or at least uniform within the NG, then the last mode to be extinguished should be the TEM 00 . Hence the degree of uniformity of the pumping is indicated by the transverse mode at extinction in the gain measurement.
At 9 mbar the TEM 01 mode is the last to be extinguished in the 2/6 and 2/4 configurations, (pD = 36 mbar mm), which indicates that the pumping is higher closer to the cathodes. A similar asymmetry in the pumping in a SHC, (pD = 56 mbar mm, C/A = 1) is described in [11] which reports a measurement of the spatial distribution of the small-signal gain throughout the tube cross section. That work attributes the double peaked distribution in the gain cross section to a higher density of metal vapour and buffer ions in the regions adjacent to the cathodes. In contrast, the TEM 00 mode has the highest gain in the 4/4, 4/2 and 6/2 configurations. Table 2 compares the small-signal gain coefficients for the different bore diameters of [3] with the different configurations of this work at similar cathode areas and input powers. The table was compiled using data in figures 2 and 7 of reference [3] and figure 4 of this work. In particular, note the close agreement between the gain for the 4 mm module of [3] and the 4/4 configuration of this work. The comparisons with [3] indicate that a smaller tube bore leads to a higher gain. However, it must be noted that reducing the bore diameter for a fixed C/A ratio simultaneously reduces the cathode area. The results shown in table 2 confirm that, for a fixed cathode area, a smaller bore does consistently lead to an increase in gain. The multimode output power has a broad maximum with respect to pressure with an optimum value of about 15 mbar for each configuration and the range of currents used. Thus the optimum pressure for the output power is significantly higher than that for the small-signal gain, similar to the result reported previously in [1] . Figure 5 shows the multimode output power as a function of the discharge current for each value of C/A (excluding the 4/4[X]) at a pressure of 15 mbar. The laser threshold increases with increasing C/A ratio and is consistent with the trend in the small-signal gain shown in figure 3 . The output power increases without saturation over the range of current used and, for a given current, increases with decreasing C/A ratio. The apparent crossover of the 6/2 and the 4/2 curves at ∼0.7 A may not be significant in view of the uncertainty indicated by the error bar and the similarity of their respective cathode areas (3.8 and 3.6 cm 2 ). Figure 6 (derived from figures 2 and 5) shows the dependence of the multimode output power on the electrical input power. Within the experimental uncertainty, the data for the 2/6, 2/4, 4/4 and 4/2 configurations follow a common curve. The 6/2 data follow a steeper curve and this trend is also observed at 9 and at 12 mbar. This trend is not significant for the reasons given above. 
Discussion
In the literature concerning conventional hollow cathodes, the current (or current density) is used as the independent parameter [12] (this reference provides a comprehensive review of hollow cathode metal ion lasers). This is justified since the discharge voltage remains almost constant. However in a SHC, the discharge voltage increases significantly with current. Since both the sputtering and the rare gas ionization rates are monotonically increasing functions of both current and voltage, it is not fully representative to use current (or current density) as the sole independent parameter. For this reason the input electrical power, the product of voltage and current, is used as the independent parameter for this work. Figure 4 gives some justification for this view. Since the experimental arrangement ensures that the cavity losses are identical for each configuration, the threshold gain, and hence the threshold power, for each configuration should be identical, as is observed. The results shown in figure 4 indicate that, for a given input power, a small C/A configuration produces a moderately higher gain than a large C/A configuration. But the results of figure 6 show that an increased gain does not translate into a more power efficient device. Since the discharge length in each case is the same it must be concluded that the gain distribution throughout the tube cross section depends on the C/A ratio. The results in table 1 and reference [11] support this view.
The demonstration of laser action on the He-Cu + VUV lines implies achieving the highest gain on the He-Cu + 781 nm line. The use of a small C/A value to give a higher gain on the 781 nm line at a given current is limited to low currents due to the onset of arcing associated with the higher discharge voltage. Thus the use of a small C/A for achieving laser action on the He-Cu + VUV lines is practicable only if the tendency to arcing can be overcome.
In the 2/6 configuration the high slope of the V -I characteristic is restricted to currents <250 mA. The high voltage (>1500 V) invariably led to arcing at higher currents. In the 2 mm bore module of [3] currents of 1 A were sustainable while the voltage remained <1300 V. From table 2, a gain of ∼75% m −1 for an input power of 820 W is projected for the 2/6 configuration at the optimum pD value of 36 mbar mm. In the 2 mm bore module of [3] a gain of 97% m −1 at 820 W was obtained at its optimum pD value of 30 mbar mm. Both devices have similar cathode areas and optimum pD values yet the population inversion in the 2/6 configuration, with a 4 mm bore, is clearly less than that in the 2 mm bore tube. It is proposed that losses through the 'geometric' sides of the NG in a larger bore, small C/A configuration reduce the He + density and thereby the pumping. Tangible evidence for these losses is provided by the distribution of He + and charge-transfer ionization of Cu atoms throughout the bore of a SHC tube for C/A = 1 implied by the spatial dependence of the small-signal gain [11] . However, it is these losses which force the discharge to run at a higher voltage with concomitant increases in the local rates of buffer gas ionization and sputtering. By manipulating both the C/A ratio and the tube bore an optimum voltage can be produced which maximizes both the buffer gas ion and metal atom concentrations without incurring arcing.
Conclusions
The dependence on the C/A ratio of the voltage-current characteristic, the small-signal unsaturated gain and the multimode output power of a segmented hollow cathode laser operating on the He-Cu + 781 nm line have been studied. The C/A ratio was varied discretely through 0.33, 0.5, 1.0, 2.0 and 3.0 and a He-Ar 4% mixture was employed at each of the pressures 9, 12 and 15 mbar. For each C/A value the voltage-current/pressure characteristic can be fitted by a straight line. The discharge voltage for a given current to pressure ratio increases dramatically as the C/A ratio is reduced and it is proposed that this results from an increased loss of charges from the NG. The self-consistent model of [7] suggests that the loss by ambipolar diffusion becomes increasingly significant as the C/A ratio is reduced. However, the 4/4[X] has a higher slope resistance than the 4/4, even though both have C/A = 1, which is consistent with the loss of beam electrons to the anode predicted by the Monte Carlo model of reference [9] .
The small-signal unsaturated gain increases with discharge current and with decreases in the C/A ratio over the range of currents studied. However, for the C/A = 0.33 case, the onset of arcing at a relatively low current precluded achieving a gain above 20% m −1 . The scaling of the multimode output power with current is enhanced by using a small value for C/A.
